Brain astrocytes signal to each other and neurons. They use changes in their intracellular calcium levels to trigger release of transmitters into the extracellular space. These can then activate receptors on other nearby astrocytes and trigger a propagated calcium wave that can travel several hundred micrometers over a timescale of seconds. A role for endogenous ATP in calcium wave propagation in hippocampal astrocytes has been suggested, but the mechanisms remain incompletely understood. Here we explored how calcium waves arise and directly tested whether endogenously released ATP contributes to astrocyte calcium wave propagation in hippocampal astrocytes. We fi nd that vesicular ATP is the major, if not the sole, determinant of astrocyte calcium wave propagation over distances between ‫001ف‬ and 250 μm, and ‫51ف‬ s from the point of wave initiation. These actions of ATP are mediated by P2Y1 receptors. In contrast, metabotropic glutamate receptors and gap junctions do not contribute signifi cantly to calcium wave propagation. Our data suggest that endogenous extracellular astrocytic ATP can signal over broad spatiotemporal scales.
Brain astrocytes signal to each other and neurons. They use changes in their intracellular calcium levels to trigger release of transmitters into the extracellular space. These can then activate receptors on other nearby astrocytes and trigger a propagated calcium wave that can travel several hundred micrometers over a timescale of seconds. A role for endogenous ATP in calcium wave propagation in hippocampal astrocytes has been suggested, but the mechanisms remain incompletely understood. Here we explored how calcium waves arise and directly tested whether endogenously released ATP contributes to astrocyte calcium wave propagation in hippocampal astrocytes. We fi nd that vesicular ATP is the major, if not the sole, determinant of astrocyte calcium wave propagation over distances between ‫001ف‬ and 250 μm, and ‫51ف‬ s from the point of wave initiation. These actions of ATP are mediated by P2Y1 receptors. In contrast, metabotropic glutamate receptors and gap junctions do not contribute signifi cantly to calcium wave propagation. Our data suggest that endogenous extracellular astrocytic ATP can signal over broad spatiotemporal scales.
I N T R O D U C T I O N
Astrocytes are an integral part of the brain, where they form connections with blood vessels, other glia, and neurons (Haydon, 2001) . In contrast to neurons, which exhibit electrical excitability, astrocytes display "calcium excitability" (Cornell-Bell et al., 1990) , which is manifest as transient or prolonged elevations in intracellular calcium levels ([Ca 2+ ] i ). These can be spontaneous or triggered in response to specifi c neurotransmitters (Cornell-Bell et al., 1990) . Spontaneous intracellular calcium transients [Ca 2+ ] i have been described in cultured astrocytes (Cornell-Bell et al., 1990; Charles et al., 1991) , acute brain slices where the cellular architecture remains virtually intact (Porter and McCarthy, 1996) , as well as in vivo in the cortex (Hirase et al., 2004; Tian et al., 2005 Tian et al., , 2006 Wang et al., 2006) . In acute slices and in cultured astrocytes, waves of elevated [Ca 2+ ] i can pass between astrocytes (Charles et al., 1991; Newman and Zahs, 1997; Guthrie et al., 1999) , and are often referred to as intercellular calcium waves. Several pathways have been proposed to mediate calcium waves, including diffusion of Ca 2+ and/or inositol triphosphate through membrane gap junctions between adjoining astrocytes (Scemes et al., 2000) . Additionally, it has been suggested that astrocytic release of ATP or glutamate into the extracellular space, and subsequent activation of their respective receptors on neighboring astrocytes may also underlie calcium wave propagation (Fellin et al., 2006) . However, it remains unclear if ATP, gap junctions, and glutamate contribute equally to calcium wave propagation, or if any one mechanism predominates (Charles, 1998; Scemes and Giaume, 2006) .
In the present experiments we studied hippocampal cultures because astrocyte calcium transients are well described in this model system (Charles, 1998; Fields and Burnstock, 2006) . To trigger astrocyte calcium waves reproducibly and on demand we used a minimal mechanical stimulus (MS), which has been used extensively in the past (Charles, 1998; Koizumi et al., 2003; Chen et al., 2005) . We then experimentally explored the mechanisms underlying calcium wave propagation. neuronal processes and somata to simplify the analysis and interpretation of the experiments. This can be seen in the images in Figs. 1 and 3 , where only sheets of fl at astrocytes were imaged. The camera gain (Princeton Instruments cooled I-PentaMAX camera; Roper Scientifi c) was adjusted for each astrocyte culture to provide the best signal to noise images, and so comparisons between astrocytes can only be reported as ∆F/F. We used a wellestablished mechanical stimulation (MS) protocol to trigger calcium waves in astrocytes (Charles, 1998) . A central astrocyte was touched from above with a fi ne (1-2 μm) blunt-ended pipette to induce a calcium response in the central initiating cell. This protocol has been used extensively in the past and produces reproducible calcium waves that spread intercellularly to neighboring astrocytes. In most experiments the bath was not perfused, for reasons that will become clear from the results. In the cases where bath perfusion was used, fl ow rate was ‫5-4ف‬ ml/min in the direction indicated by the arrows in the fi gures. For these experiments we used a custom made local perfusion device (Fisher et al., 2004) .
Chemicals
All chemicals used were from Tocris, Sigma-Aldrich, Invitrogen, or Molecular Probes Invitrogen. The names of the chemicals are abbreviated as adenosine 5′-β-thio-diphosphate (ADPβS), carben oxolone (CBX), flufenamic acid (FFA), and 2-methyl-6-(phenylethynyl) pyridine hydrochloride (MPEP).
Analysis
Images were analyzed using Image J, Metamorph, and CorelDraw12. Data were analyzed using Origin 6.1 (Origin Lab Corp.) and Graphpad Instat 3.06 for Windows. Data in the text and graphs are shown as mean ± SEM from n determinations as indicated.
R E S U LT S

Initial Observations
We loaded astrocytes with the calcium indicator dye Fluo-3 to measure and track fl uctuations within their [Ca 2+ ] i levels (Bowser and Khakh, 2004; Bowser and Khakh, 2007) . We used a gentle mechanical stimulus (Chen et al., 2005) (MS; see Materials and Methods) to trigger [Ca 2+ ] i transients in a central astrocyte, and then monitored [Ca 2+ ] i changes in the surrounding astrocytes within a region with a diameter of ‫5.0ف‬ mm. MS always resulted in [Ca 2+ ] i elevations in the central astrocyte (n = 37) and this was always followed by the secondary appearance of increased [Ca 2+ ] i levels in surrounding astrocytes (n = 37). These secondary increases in astro cyte [Ca 2+ ] i levels radiated out in all directions from the central astrocyte, up to an average radius of 180 ± 12 μm (n = 19, range of 120-235 μm), covering an area of ‫314,93ف‬ μm 2 . An example of such a radiating calcium wave is presented in Fig. 1 A, before and at various time points after MS. From the images in Fig. 1 A we determined the wave front by image subtraction (Fig. 1 B) and rendered this as a 3D projection of the astrocyte fl uorescence intensity ( Fig.  1 C) . By visual examination it was clear that the peak [Ca 2+ ] i levels of individual astrocytes were smaller as the distance from the site of MS increased, such that by a radius of ‫002ف‬ μm the change in [Ca 2+ ] i for astrocytes was minimal. We analyzed images such as those presented in Fig. 1 to quantify key parameters of the astrocyte calcium wave, and then explored the underlying mechanisms.
Why does the calcium wave cease after ‫51ف‬ s and a radius of ‫002ف‬ μm? To make inroads into this issue we measured the peak change in [Ca 2+ ] i levels for astrocytes at increasing distances from the MS site (the astrocytes highlighted in Fig. 1 A are plotted in Fig. 2 A) . Such traces were normalized to the peak in order to examine the latency for the calcium wave to arrive at sites of increasing distance from the site of MS (Fig. 2 B) . As expected for a radiating wave, the [Ca 2+ ] i changes were delayed for astrocytes at increasing distances from MS (Fig. 2 B) . From such data we calculated the wave velocity, which slowed signifi cantly with time after MS (Fig. 2 C) . We next plotted the peak ∆F/F for fi ve representative astrocytes at increasing distances from MS. These data show that the peak change in [Ca 2+ ] i levels decreases with increasing distance from MS, a trend that was true for all experiments (Fig. 2 E ; n = 37). Finally, we measured the calcium transient half width at increasing distances from MS, and found that astrocytes further away from MS displayed signifi cantly briefer calcium transients (Fig. 2 F ; n = 37). Overall the analysis presented in Fig. 2 suggests that after MS, the astrocyte calcium wave ceases after ‫002ف‬ μm because (a) the wavefront velocity decreases, (b) the peak change in [Ca 2+ ] i diminishes with distance, and (c) the duration of the [Ca 2+ ] i transients in each astrocyte decreases. Presumably, for distances >200 μm, the peak change in [Ca 2+ ] i for individual astrocytes are too small and brief to allow the calcium wave to propagate.
We performed a specifi c set of experiments to determine if neuronal activity and action potential fi ring contributed to astrocyte calcium waves after MS. Thus we measured the full width at half maximal height (FWHM) of MS-evoked astrocyte calcium waves with and without TTX (1 μM) to block sodium channels in neurons. We found that the FWHM of astrocyte calcium waves 15 s after MS was 213 ± 41 μm (n = 5) in the control experiments, and 220 ± 57 μm in the presence of TTX (n = 6). Thus we suggest that neuronal action potential fi ring does not contribute to astrocyte calcium waves in response to MS.
A Diffusible Extracellular Signal Is Responsible for the Calcium Waves
Having established a reproducible protocol to trigger calcium waves in astrocytes (Figs. 1 and 2 ), we next explored the mechanisms. In so doing we chose to compare images of [Ca 2+ ] i levels, immediately before (−1 s), and after MS (+1 s and +15 s; Fig. 1 ). To provide a measure of the spread of the calcium wave we present images at +15 s after MS, and line intensity profi les across the calcium wave at −1, +1, and +15 s after MS (Fig. 3) . From these line profi les we calculated the full width at half maximal height of the calcium wave (FWHM; Figs. 3 and 4) in micrometers. In the fi gures, the FWHM are shown as normalized to the peak of the calcium wave +1 s after MS, thus there is no scale for the Y axis for the graphs in Fig. 3 .
We began by determining if blockers of gap junctions affected the calcium waves. This may be expected if the wave is propagated by an intracellular mechanism, in which case blockade of gap junctions should reduce the FWHM of the calcium wave. Astrocytes were incubated for at least 30 min in FFA (50 μM; n = 8), CBX (100 μM; n = 8), or dicumarol (Dic, 10 μM; n = 13), before MS. The concentrations of FFA, CBX, and dicumarol were chosen on the basis of past work, where these molecules have been shown to be specifi c gap junction blockers (Abdelmohsen et al., 2005) . We found that neither FFA, CBX, nor dicumarol produced any significant effect on the FWHM of the calcium wave at +15 s after MS (Figs. 3 and 4) . These data strongly argue against an intracellular mechanism as the cause of astrocyte calcium waves. We next considered an extracellular mechanism. We hypothesized that if the calcium wave is propagated by the release of an extracellular signal, then increasing directional solution fl ow should carry the signal in the direction of fl ow, resulting in asymmetric astrocyte calcium increases following MS. To test for this we placed a local fast perfusion device within ‫5ف‬ mm of the imaging site, and fl owed solution over the astrocytes at 4-5 ml/min. We verifi ed that solution fl ow was directional by monitoring the fl ow of the neutral dye Fast Green (0.01% solution). Remarkably, MS resulted in increased intracellular astrocyte calcium levels with a tail in the direction of solution fl ow (n = 19 from 14 fi elds of view). Taken together, the data with gap junction blockers (Figs. 3 and 4) and the directional fl ow experiments (Fig. 3) provide strong evidence that MS results in the release of a diffusible messenger into the extracellular space that can be carried by directional solution fl ow. Representative subtraction images and analysis of astrocyte calcium waves. The top panels show wavefront images of astrocyte calcium waves at +15 s following MS. The bottom panels show average (±SEM for n experiments as indicated in the text) line profi les of calcium waves before (black traces), 1 s after (red traces), and 15 s after MS (blue traces). Note that the calcium wave spreads signifi cantly under control conditions and when gap junctions are blocked (CBX; 100 μM), but not when P2Y1 receptor antagonists are applied to the bathing medium (PPADS; MRS2179; 30 μM), or when bafi lomycin (2 μM) is used to prevent vesicular release. For the line profi les we chose lines for the widest dimension and estimated the FWHM from these. This was appropriate because the calcium wave propagated in a radial manner. However, in the case of the bath fl ow experiments the calcium wave is not radial, because it is carried in the direction of fl ow, resulting in a tail of fl uorescence in the direction of fl ow. We could not use the same method to determine the FWHM for the bath fl ow experiments, because this would result in an artifi cially extended asymmetric FWHM. To get around this we estimated the FWHM for the bath fl ow experiments from line profi les approximately at right angles to the direction of fl ow. We present the numerical analysis for these experiments in the bar graph in How might the diffusible messenger be released into the extracellular space? Astrocytes undergo spontaneous and calcium-evoked vesicle exocytosis (Bowser and Khakh, 2007) , and we next determined if vesicles were involved in astrocyte calcium wave propagation. To inhibit vesicular release, astrocytes were incubated in either bafi lomycin A (2 μM; n = 9), an inhibitor of the vesicular H + -ATPase, or brefeldin A (2 μg/ml; n = 6), an inhibitor of vesicular traffi cking, for ‫06ف‬ min before MS (Abdipranoto et al., 2003; Coco et al., 2003) . Under these conditions MS evoked an increase in astrocyte calcium in only a few astrocytes adjacent to the MS site. However, it failed to evoke a calcium wave, and the FWHM at +15 s after MS was signifi cantly reduced (Figs.  3 and 4) . These data suggest that vesicular release underlies propagation of calcium waves by a diffusible extracellular signal over a distance scale of >100 μm from the site of MS.
ATP Is Responsible for the Calcium Waves
Astrocytes express metabotropic glutamate receptors and are known to release glutamate (Pasti et al., 2001) . Moreover, in our recent experiments we monitored calcium-evoked exocytosis of glutamatergic vesicles (Bowser and Khakh, 2007) . Might glutamate exocytosis be responsible for astrocyte calcium wave propagation? To test for this we incubated astrocytes in a cocktail of antagonists (Bowser and Khakh, 2004) known to block metabotropic glutamate receptors (MPEP and LY367385; 100 μM, antagonists of mGluR 5 and mGluR 1a receptors respectively) and then examined the FHWM of calcium waves after MS (Figs. 3 and 4) . Surprisingly, we found that blockers of mGluRs had no signifi cant effect on the astrocyte calcium waves (n = 8; Fig. 4) .
A paper in 1972 explicitly proposed a role for ATP as a signaling molecule (Burnstock, 1972) . Consistent with this suggestion, subsequent work has identifi ed both metabotropic and ionotropic ATP receptors on cells, including astrocytes (Fields and Burnstock, 2006) . We next considered a role for ATP in astrocyte calcium wave propagation. We fi rst used PPADS and suramin (10 μM) as broad spectrum ATP receptor antagonists and found that they signifi cantly inhibited calcium wave propagation for distances >100 μm from MS (n = 8; Figs.  3 and 4) . One needs to exercise caution in using PPADS to study astrocyte mechanisms (Fellin et al., 2006) because this broad spectrum antagonist blocks many ATP receptors, and may even block glutamate responses, as has been previously well noted (Humphrey et al., 1995; Khakh et al., 2001) . Because astrocytes express P2Y1 receptors (Gallagher and Salter, 2003; Bowser and Khakh, 2004) , we next investigated their role in calcium wave propagation; we used the selective P2Y1 receptor antagonist 2′-deoxy-N6-methyladenosine 3′, 5′-bisphosphate (MRS2179) (Moro et al., 1998) . In experiments where astrocytes were incubated in MRS2179 (10 μM, n = 11) for 30 min, MS did not evoke propagating calcium waves. This suggests that endogenously released ATP acting via P2Y1 receptors is responsible for calcium wave propagation. To explore this possibility further we incubated astrocytes with the ectonucleotidase apyrase (10 U/ml; n = 9) to degrade endogenously released ATP (Buell et al., 1996) . In astrocyte cultures treated with apyrase we measured no propagated calcium waves, and the degree of inhibition of the FWHM was identical to that with MRS2179 (Fig. 4) . As a fi nal test for the role of ATP in calcium wave propagation we incubated the cultures with ATP (10 μM; n = 7) or ADPβS (10 μM; n = 14) to saturate/desensitize P2Y1 receptors. Under these circumstances we measured no astrocyte calcium waves in response to MS (Fig. 4) .
D I S C U S S I O N
The main fi ndings of the present study are that (a) MSevoked astrocyte calcium waves are mediated by an intercel lular mechanism, (b) the waves rely on a diffusible mes senger released from vesicles into the extracellular space, and (c) that the messenger responsible for calcium waves is ATP acting via P2Y1 receptors.
A role for ATP in signaling between cells in the nervous system has been appreciated for over three decades (Burnstock, 1972; Fields and Burnstock, 2006) . In previous work, hippocampal astrocytes displayed elevated [Ca 2+ ] i levels in response to electrical fi eld stimulation of afferent fi bers in acute brain slices (Porter and McCarthy, 1996; Charles, 1998; Bowser and Khakh, 2004) . Moreover, in our work on the stratum radiatum we suggested that astrocyte calcium waves can spread to ‫002ف‬ μm from the stimulating electrode, and that ATP may be involved in this process (Bowser and Khakh, 2004) . Where might this ATP come from? There is evidence for astrocyte ATP release via membrane pores such as those formed by gap junctions (Arcuino et al., 2002;  Figure 4. Bar graph of astrocyte calcium wave FWHM. The bars show mean ± SEM from at least seven experiments as described in the text. The treatment groups were compared with the control using unpaired Student's t tests, and signifi cance was declared at P < 0.05 for the bars indicated by the asterisk. Bennett et al., 2003; Suadicani et al., 2004) and P2X 7 channels (Suadicani et al., 2006) . Astrocytes are also known to display calcium-triggered vesicular exocytosis and express the proteins associated with transmitter release ( Maienschein et al., 1999; Bezzi et al., 2004; Zhang et al., 2004; Chen et al., 2005; Bowser and Khakh, 2007) , but there are opposing views about whether ATP is released by exocytosis (Queiroz et al., 1999; Coco et al., 2003) . Thus although the study of astrocyte calcium waves is a mature fi eld (Charles, 1998) , the role of ATP in this process is controversial and debated (Fellin et al., 2006) . From the published literature it remained unclear if calcium wave propagation in hippocampal astrocytes was due to vesicular exocytosis, if it involved ATP, or if it was entirely or only partly due to ATP (Charles, 1998; Fam et al., 2000; Fellin et al., 2006) . In the present study we returned to this issue. We sought to provide a mechanistic basis for our past work (Bowser and Khakh, 2004) and to clarify the role of ATP in calcium waves. This is an important issue because brain microglia, astrocytes, and neurons all express a plethora of metabotropic and ionotropic ATP receptors (Illes and Alexandre Ribeiro, 2004; Fields and Burnstock, 2006) , and thus astrocyte calcium waves mediated by ATP have the potential to affect signaling in large volumes of brain tissue (Fields and Burnstock, 2006) .
It is interesting to note that we found no role for glutamate acting on metabotropic glutamate receptors in calcium wave propagation (Figs. 3 and 4) . In this regard, our data for hippocampal astrocytes are similar to previous modeling and experimental studies on spinal cord astrocytes (Bennett et al., 2005 (Bennett et al., , 2006 . This may be portentous. Often synaptic responses in brain neurons mediated by endogenously released ATP are outweighed by those mediated by glutamate (Edwards et al., 1992; Nieber et al., 1997; Pankratov et al., 1998; Khakh, 2001; Mori et al., 2001; North, 2002; Pankratov et al., 2002 Pankratov et al., , 2007 . However, based on the data presented in this and previous studies, ATP appears to dominate over glutamate with respect to astrocyte signaling (Koizumi et al., 2003; Bowser and Khakh, 2004; Bennett et al., 2005; Bennett et al., 2006; Fields and Burnstock, 2006) . In summary, the data presented here for astrocyte cultures extends our previous work in acute brain slices (Bowser and Khakh, 2004) and suggests that ATP is the predominant cause of intercellular calcium waves. From this perspective, in future work it will be important to determine if astrocytic ATP contributes to calcium waves in vivo, and to determine its ability to synchronize neurons and astrocytes over extended spatiotemporal scales (Fellin et al., 2004; Wirkner et al., 2007) .
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